Aerobic fitness has recently been shown to alter heat loss capacity in a heat-load dependent manner in young men. However, given that sex-related differences in heat loss capacity exist, it is unclear whether this response is consistent in women. We therefore assessed wholebody total heat loss in young (21 ± 3 years old) healthy women matched for physical characteristics, but with low (low-fit; 35.8 ± 4.5 ml O 2 kg −1 min −1 ) or high aerobic fitness (highfit; 53.1 ± 5.1 ml O 2 kg −1 min −1 ; both n = 8; indexed by peak oxygen consumption), during three 30 min bouts of cycling performed at increasing rates of metabolic heat production of 250 (Ex1), 325 (Ex2) and 400 W (Ex3), each separated by a 15 min recovery, in hot, dry conditions (40 • C, 11% relative humidity). Whole-body total heat loss (evaporative ± dry heat exchange) and metabolic heat production were measured using direct and indirect calorimetry, respectively. Body heat content was measured as the temporal summation of heat production and loss. Total heat loss did not differ during Ex1 (low-fit, 215 ± 16 W; high-fit, 231 ± 20 W; P > 0.05) and Ex2 (low-fit, 278 ± 15 W; high-fit, 301 ± 20 W; P > 0.05), but was lower in the low-fit (316 ± 21 W) compared with the high-fit women (359 ± 32 W) during Ex3 (P < 0.01). Consequently, the low-fit group stored 1.3-fold more heat (429 ± 61 kJ) throughout the three exercise bouts relative to the high-fit group (330 ± 113 kJ; P < 0.05). We show that aerobic fitness independently modulates heat loss capacity during exercise in hot, dry conditions in women separated by a peak oxygen consumption of ∼17 ml O 2 kg −1 min −1 starting at a metabolic heat load of 400 W.
INTRODUCTION
We recently reported that young men of higher aerobic fitness [peak oxygen consumption (V O 2 peak ) of >60 ml O 2 kg −1 min −1 ] display greater heat loss capacity compared with their lesser trained counterparts (V O 2 peak of <40 ml O 2 kg −1 min −1 ) during exercise eliciting moderate to high (400-500 W), but not low (300 W), fixed metabolic heat loads in hot, dry conditions (Lamarche, Notley, Louie, Poirier, & Kenny, 2018) . Furthermore, given that those individuals had matched physical characteristics, we could confirm that those fitness-related differences were unrelated to differences in body mass and surface area, which are both known to influence heat transfer (Cramer & Jay, 2015; Havenith & Van Middendorp, 1990; Havenith, Luttikholt, & Vrijkotte, 1995; Jay, Bain, Deren, Sacheli, & Cramer, 2011; c 2017 The Authors. Experimental Physiology c 2017 The Physiological Society Park, Tagami, Ohnishi, & Taylor, 2016) . However, as women, relative to men, have been shown to have a reduced heat loss capacity as a result of an attenuation in sweat gland output (Gagnon & Kenny, 2012) , it remains unknown whether aerobic fitness also modulates heat loss capacity in a heat-load dependent manner in women. Even though this information is fundamental for understanding the effect of aerobic fitness on thermoregulatory function, previous evaluations of women with large differences inV O 2 peak (∼9-11 ml O 2 kg −1 min −1 ) are sparse (Drinkwater, Denton, Kupprat, Talag, & Horvath, 1976; IchinoseKuwahara, Inoue, Iseki, Hara, Ogura, & Kondo, 2010) . Moreover, those studies have not been designed to identify heat-load dependent differences in heat loss capacity at increasing, fixed rates of metabolic heat production nor rigorously consider physical differences between the low-and high-fit women studied, which are known to modulate
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• What is the central question of this study?
Aerobic fitness modulates heat loss, albeit the heat load at which fitness-related differences occur in young healthy women remains unclear.
• What is the main finding and its importance?
We demonstrate using direct calorimetry that fitness modulates heat loss in a heat-load dependent manner, with differences occurring between young women of low and high fitness and matched physical characteristics when the metabolic heat load is at least 400 W in hot, dry conditions. Although fitness has been known for some time to modulate heat loss, our findings define the metabolic heat load at which fitness-related differences occur.
heat loss independently in women (Havenith & Van Middendorp, 1990; Havenith et al., 1995; Notley, Park, Tagami, Ohnishi, & Taylor, 2017) .
The purpose of the present study was, therefore, to examine whole-body total heat loss (evaporative ± dry heat exchange) using direct calorimetry in healthy young women matched for body mass and surface area, but with low (∼36 ml O 2 kg −1 min −1 ) and high aerobic fitness (∼53 ml O 2 kg −1 min −1 ) to determine at what level of heat stress aerobic fitness might independently modulate total heat loss. To achieve our objective, we used an exercise model consisting of three successive bouts of semi-recumbent cycling performed at progressively greater, fixed rates of metabolic heat production (250, 325 and 400 W) in hot, dry conditions (40 • C, 11% relative humidity).
We hypothesized that fitness-related differences in total heat loss would be heat-load dependent, such that high-fit women would display greater total heat loss at moderate-to-high (400 W), but not lower, metabolic heat loads (250-325 W) relative to low-fit women.
METHODS
Ethical approval
The experimental protocol was approved by the University of Ottawa Health Sciences and Science Research Ethic Board (no. H10-04-04B) and conforms to the latest revision of the Declaration of Helsinki, except for registration in a database. Written informed consent was obtained from all participants.
Participants
Sixteen healthy, non-smoking women (18-28 years old) participated in this study. These participants were selected based on theiṙ V O 2 peak , physical activity levels and physical characteristics (i.e. body mass and surface area) and separated into two groups of high and low aerobic fitness: low-fit and high-fit (each n = 8). The highfit group had aV O 2 peak ≥50 ml O 2 kg −1 min −1 and performed ≥300 min week −1 of running, cycling and/or cross-country skiing as assessed by the Kohl physical activity questionnaire (Kohl, Blair, Paffenbarger, Macera, & Kronenfeld, 1988) . These participants were matched for physical characteristics with a low-fit participant (with aV O 2 peak ≤40 ml O 2 kg −1 min −1 and performing <300 min week −1 of aerobic physical activity), but menstrual cycle phase was not controlled. The meanV O 2 peak of the high-and low-fit women were within the 95-99th and 40-45th percentile (respectively) of age-and sex-specific normative data (American College of Sports Medicine, 2014). Participant characteristics are shown in Table 1 .
Preliminary sessions
All participants completed one preliminary session and one experimental trial on separate days (separated by >48 h). During the preliminary session, participant body mass, height, density anḋ V O 2 peak were determined. Body surface area was calculated from the measurements of body mass and height (Dubois & Dubois, 1989) . Body density was measured using the hydrostatic weighing technique and used to estimate fat percentage (Siri, 1956 
Experimental protocol
All participants were instructed to arrive at the laboratory adequately rested and hydrated and having abstained from exercise, caffeine and alcohol for 24 h before their experimental trial. After their arrival, participants changed into athletic shorts and a sports bra and provided a urine sample before having their body mass measured.
After instrumentation in thermoneutral conditions (∼25 • C), participants were seated in the calorimeter regulated to an ambient air temperature of 40 • C and a relative humidity of 11% [specific humidity of ∼6 g water (kg ambient air) −1 ] and rested for a 30 min habituation period. Thereafter, they performed three 30 min semi-recumbent cycling bouts at increasingly greater fixed rates of metabolic heat production equivalent to 250 (Ex1), 325 (Ex2) and 400 W (Ex3), respectively; each separated by a 15 min resting recovery (R1, R2 and R3). The rates of metabolic heat production chosen were equivalent to 41 and 28%V O 2 peak for Ex1; 54 and 37%V O 2 peak for Ex2 and 67 and 46%V O 2 peak for Ex3 for the low-fit and high-fit groups, respectively.
Measurements
The Snellen direct air calorimeter was used to quantify wholebody evaporative and dry heat exchange (Kenny, Notley, & Gagnon, 2017) . Temporal summation of evaporative and dry heat exchange determined whole-body total heat loss as measured by differences between outlet and inlet air humidity and temperature, respectively (Reardon et al., 2006 Abbreviations: BSA, body surface area; max., maximum; min., minimum; andV O 2 peak , rate of peak oxygen consumption. Values are means ± SD. Significance level was set at P < 0.05. *Significant difference from high-fit group.
USA) was used to measure metabolic heat production (Kenny et al., 2017) .
Oesophageal temperature was measured using a thermocouple temperature probe (Mon-a-therm General Purpose Temperature Probe; Mallinckrodt Medical, St Louis, MO, USA). Mean skin temperature data were assessed using the weighted average of four skin sites: biceps 30%, chest 30%, thigh 20% and calf 20% (Ramanathan, 1964) . All temperatures were collected continuously using an HP Agilent data acquisition module (model 3497A; Agilent
Technologies Canada, Mississauga, ON, Canada) and recorded on a personal computer with LabVIEW software (version 7.0; National Instruments, Austin, TX, USA).
Heart rate was recorded continuously (Polar Electro Oy, Kempele, Finland). Urine specific gravity was determined before each experimental trial using a hand-held refractometer (model TS400; Reichter, Depew, NY, USA).
Data analysis
The change in body heat content was calculated as the temporal summation of heat production and total heat loss (evaporative ± dry heat exchange). Metabolic heat production, total heat loss, dry and evaporative heat exchange, oesophageal and mean skin temperatures and heart rate were measured throughout and expressed as minute averages, with an average of the final 5 min of each exercise period used for statistical analyses. Baseline values were obtained by averaging the last 10 min of data recorded during the 15 min baseline period.
Statistical analysis
Physical characteristics, urine specific gravity and baseline resting values were analysed using Student's unpaired t tests to identify differences between groups. Variables of metabolic heat production, total heat loss, evaporative heat loss, dry heat exchange, oesophageal and mean skin temperatures and heart rate were analysed using a mixed two-way ANOVA performed with the non-repeated factor of group (two levels: low-fit and high-fit) and the repeated factor of exercise (three levels: Ex1, Ex2 and Ex3). Statistical significance was set at P < 0.05, and a Bonferroni adjustment was used for all post hoc comparisons. An a priori power analysis indicated that based on the effect size (Cohen's d = 1.88) for a 32 W difference in total heat loss with a standard deviation of 17 W between lowand high-fit men (Lamarche et al., 2018) , a minimum of six subjects were required to detect between-group differences of this effect size with at least 80% statistical power (Faul, Erdfelder, Lang, & Buchner, 2007) . Therefore, with the present sample (each group n = 8) these analyses were adequately powered (>80%). Data are reported as means ± SD. Statistical analyses were completed using SPSS version 24.0 for Windows (IBM, Armonk, NY, USA).
RESULTS
Participant characteristics and urine specific gravity
Participants were of similar age (P > 0.05), body mass (P > 0.05) and surface area (P > 0.05), but differed inV O 2 peak and physical activity level (Table 1; both P < 0.01). All participants were similarly euhydrated (<1.020; Sawka et al., 2007) , as indicated by pre-experimental urine specific gravity (low-fit, 1.011 ± 0.008; high-fit, 1.009 ± 0.005; P > 0.05).
Whole-body heat exchange 3.2.1 Baseline
Metabolic heat production was similar during the baseline resting period, averaging 89 ± 15 W (P > 0.05). Evaporative heat loss was similar between groups during the baseline resting period (Table 2; P > 0.05). Dry heat gain was lower in the low-fit compared with the high-fit women during this same period (Table 2 ; P < 0.05). Total heat loss remained similar between groups during the baseline resting period (Figure 1 ; P > 0.05).
TA B L E 2 Rate of whole-body heat exchange for baseline resting and each exercise (Ex) bout
Baseline
Ex1 Ex2 Ex3
Dry heat gain (W)
High-fit 65 ± 13 74 ± 12 82 ± 10 80 ± 11
Low-fit 51 ± 13* 59 ± 11* 57 ± 14* 60 ± 16* 
Exercise
By design, metabolic heat production did not differ between the low-fit and high-fit groups during each of the three successive exercise bouts (P > 0.05), averaging 250 ± 8 (Ex1), 325 ± 13 (Ex2) and 404 ± 19 W (Ex3). Dry heat gain was lower in the low-fit group in all three exercise periods relative to the high-fit group (Table 2 ; P < 0.01). Evaporative heat loss was similar between aerobic fitness groups in Ex1 (P > 0.05), but was lower in the low-fit relative to the high-fit women in Ex2 and Ex3 (Table 2 ; both P < 0.01). Whole-body total heat loss was similar in Ex1 and Ex2 (P > 0.05), but was lower in the low-fit relative to the highfit group in Ex3 (Figure 1 ; P < 0.01). The cumulative change in body heat content accounting for all three exercise periods (excluding recovery) was higher in the low-fit compared with the high-fit women (Figure 1 ; P < 0.05).
Body temperatures and heart rate 3.3.1 Baseline
Baseline oesophageal temperature (low-fit, 37.20 ± 0.28 • C; highfit, 36.99 ± 0.30 • C) and mean skin temperature (low-fit, 35.86 ± 0.42 • C; high-fit, 35.76 ± 0.32 • C) were similar between groups (P > 0.05). Conversely, baseline heart rate was greater in the lowfit (95 ± 11 beats min −1 ) relative to the high-fit women (78 ± 14 beats min −1 ; P < 0.05).
Exercise
Oesophageal temperature was similar in Ex1 (low-fit, 37.54 ± 0. Ex3, 169 ± 20 beats min −1 ) compared with the high-fit women (Ex1, 107 ± 17 beats min −1 ; Ex2, 125 ± 20 beats min −1 ; Ex3, 144 ± 18 beats min −1 ) in all exercise bouts (P < 0.05).
DISCUSSION
The outcomes of the present study indicate that aerobic fitness modulates total heat loss in young women separated by aV O 2 peak of ∼17 ml O 2 kg −1 min −1 in a heat-load dependent manner in hot, dry conditions. As hypothesised, the women of higher fitness displayed greater total heat loss at a moderate-to-high metabolic heat load equal to 400 W (or a relative exercise intensity of ∼67 and ∼46% oḟ V O 2 peak for the low-and high-fit women, respectively), but not at lower metabolic heat loads (250-325 W). This increase in heat loss capacity in the high-fit women resulted in a subsequent reduction in cumulative body heat content and core temperature relative to those women with low aerobic fitness. Taken together, these unique findings demonstrate that aerobic fitness independently modulates the body's physiological capacity to dissipate heat in a heat-load dependent manner in young healthy women in hot, dry conditions.
Few studies have examined aerobic fitness and heat loss within women (Drinkwater et al., 1976; Havenith & Van Middendorp, 1990;  Ichinose-Kuwahara et al., 2010) despite known sex-related differences in heat loss capacity (Gagnon & Kenny, 2012) . Drinkwater et al. (1976) reported a lack of difference in evaporative heat loss (estimated by the change in body mass) between non-athletic (∼39.8 ml O 2 kg −1 min −1 ) and athletic young women (∼48.7 ml O 2 kg −1 min −1 ) while walking at ∼30% ofV O 2 peak in three environmental conditions of 28, 35
and 48 • C. However, the exercise intensity used in all conditions was probably insufficient in magnitude to discern any fitness-related differences in heat loss capacity. In contrast, Ichinose-Kuwahara et al. (2010) observed higher mean local sweat rates in trained (∼53.8 ml O 2 kg −1 min −1 ) relative to untrained young women (∼42.9 ml O 2 kg −1 min −1 ) during cycle exercise at fixed relative percentages ofV O 2 peak (35, 50 and 65%) , with the magnitude of difference becoming greater with increasing exercise intensity.
Although these outcomes provide evidence that aerobic fitness modulates heat loss as a function of exercise intensity in women, nonweightbearing exercise at a percentage ofV O 2 peak elicits a higher rate of metabolic heat production in individuals with a higherV O 2 peak (Jay et al., 2011) , making it impossible to determine whether the observed differences in heat loss could be ascribed to fitness per se or simply to differences in the rate of metabolic heat production between the trained and untrained women studied. To examine the independent effect of aerobic fitness on heat loss in the present study, women with a large difference inV O 2 peak (∼17 ml O 2 kg −1 min −1 ) but with matched physical characteristics were assessed during exercise that elicited increasing fixed metabolic heat loads. With this unique approach, the metabolic heat load (a significant determinant of the whole-body sweating response) between groups was matched and of sufficient magnitude to detect fitness-related differences in heat loss in the hot, dry conditions used.
The similarities in total heat loss at the lower metabolic heat loads used (250-325 W) are consistent with the most recent work on this topic performed with men in both cooler (∼25 • C; Cramer & Jay, 2015; Jay et al., 2011) and comparable environmental conditions (∼40 • C; Lamarche et al., 2018) . This reinforces the notion that large differences in aerobic fitness (∼17 ml O 2 kg −1 min −1 ) do not modulate sweating responses during exercise and/or environmental conditions that are insufficiently high to exceed an unfit women's capacity to dissipate heat. However, at the highest metabolic heat load used in the present study (400 W), total heat loss was 14% lower in the low-fit compared with high-fit women (Figure 1 ). Therefore, in line with our previous work with young men, our findings confirm the longstanding notion that aerobic fitness is a key determinant of heat loss at higher combined metabolic and environmental (net) heat loads, but we extend these findings to young women. However, it is important to note that the threshold at which fitness-related differences in heat loss capacity occur may be environment specific. For instance, in cooler conditions that lower dry heat gain or promote dry heat loss, and thus lower the environmental heat load, differences in heat loss between low-and high-fit women may not be as evident at a rate of metabolic heat production of 400 W. Therefore, future research is needed to confirm whether these fitness-related differences in heat loss exist in cooler conditions that elicit similar net heat loads.
Even though the combined metabolic and environmental heat load and the physical characteristics were rigorously matched between the low-fit and high-fit women, dry heat gain was ∼20 W greater in the high-fit relative to the low-fit group during Ex2 and Ex3 (Table 2 ). This finding is probably explained by the greater evaporative heat loss in the high-fit relative to the low-fit women (Table 2) , which lowered their skin temperature and therefore increased the thermal gradient for dry heat gain. Despite this, the high-fit women were not only able to offset that greater dry heat gain, but still achieved a higher level of total heat loss during Ex3 than their lesser fit counterparts. Consequently, the highly fit women stored less heat compared with the lesser fit women after the completion of the experimental trial; a response paralleled by a difference in absolute core temperature. However,
given that menstrual cycle phase, which is known to modify basal core temperature (Charkoudian & Stachenfeld, 2014) , was not considered in the present study, these differences in heat strain must be interpreted with caution, and future studies should be designed to identify whether fitness independently influences heat strain during work or exercise in the heat when menstrual phase is matched. Furthermore, it remains unknown whether fitness modulates heat loss capacity in a heat-load dependent manner in more humid environments, which restrict sweat evaporation and may therefore minimize fitness-related differences in heat loss capacity.
Considerations
Peak oxygen consumption is generally considered the most appropriate measure of an individual's aerobic fitness (Astrand & Rodahl, 1986; Kenney, Wilmore, & Costill, 2012) . However, the improved heat loss capacity of our highly trained females may be explained, in part, by their greater physical activity level, which is known to elicit partial heat acclimation from frequently elevating core temperature for prolonged durations during physical activity (Amano, Koga, Inoue, Nishiyasu, & Kondo, 2013; Gisolfi & Robinson, 1969; Henane, Flandrois, & Charbonnier, 1977) . As such, it remains unknown to what extent physical activity level, independent ofV O 2 peak , might contribute to an individual's heat loss capacity. Future work should be directed at evaluating heat loss responses at increasing, fixed rates of metabolic heat production in individuals with matchedV O 2 peak , but with widely different physical activity levels.
Conclusion
Our findings show that the effects of aerobic fitness on whole-body total heat loss in young women exercising in hot, dry conditions are heat-load dependent. Specifically, these fitness-related differences in total heat loss during exercise in dry heat appear to be evident between low-fit (∼35.8 ml O 2 kg −1 min −1 ) and high-fit women (∼53.1 ml O 2 kg −1 min −1 ) with matched physical characteristics at metabolic heat loads starting at 400 W.
